
! *  c 

u.oflowa66-8 

N (0 ~66-23664- ( T H R U I  
IACCESSION NUMBER1 

' GPO PRICE s 
I I 
I I 

i' ~ CFSTl PRICE(S) $ 

,9PO i Hard copy (HC) 

Microfiche (MF) t d D  1 
I 
1 I ff653 July85 

Department of Physics and Astronomy 

THE UNIVERSITY OF IOWA 
Iowa City, Iowa 



Department of Physics and Astronomy 
University of Iowa, 
Iowa C i t y ,  Iowa 

March 1966 

*Research supported i n  p a r t  by t h e  National Aeronautics and 
Space Administration under Grant NsG-233-62 and by t h e  
Off ice  of Naval Research under Contract Nonr-1509(06). 

EXPLORER 12 OBSERVATIONS OF THE 

ELECTRON INTENSITIES I N  THE 
OUTER M I A T I O N  ZONE 

DURING GEOMAGNETIC STORMS* 

TEMPORAL VARIATIONS OF LOW-ENERGY 

L.  A. Frank 



1 

Abstract 

Large increases of e lectron 100 e V  5 E 40 keV energy e -  

f luxes  over L - 2.8 t o  L - 4.0 were observed a t  the  onset of 

magnetic storms on 1 October aad 29 October 1961 with in s t ru -  

- - 

mentation on Explorer 12.  

a t  L = 3.5 were -1003 ergs(cm -see) 

t h e  duration of these events was approximately one day and 

The omnidirectional energy f luxes  

for these  two events, 2 -1 

t he  peak energy flux was posit ioned a t  L - - 3.0. 

enhancement of e lectron 100 eV < E 

on 1 October i s  coincident w i t h  l a r g e  decreases of e lec t ron  

E ,> 1 . 6  MeV i n t e n s i t i e s  and with increases  of e lec t ron  

40 keV < Ee < 100 keV i n t e n s i t i e s  i n  the  outer  rad ia t ion  zone. 

Although no spec t r a l  information concerning t h e  e lec t ron  

The l a rge  

5 40 keV energy f luxes - e  

e 

- - 

100 eV < Ee < 40 keV fluxes i s  ava i lab le ,  estimates of t h e  
h, - 

decrease of the  magnetic f i e l d  on the  surface of t h e  ear th  

at the  magnetic equator f o r  monoenergetic e lec t ron  i n t e n s i t i e s  

corresponding t o  the  observed energy f luxes a r e  - 120 7 f o r  

E 

during t h e  main phase of the  magnetic storm. The observations 

= 100 eV, - 60 7 fo r  Ee = 500 eV and - 30 7 f o r  Ee = 2 keV 
e 

repor ted  here  s t rongly suggest t h a t  these  electrons form a, r i ng  
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current centered a t  - 3 R 

f r ac t ion  of the  main phase and the  rapid-decay component DR1 of 

wkich i s  responsible f o r  a subs t an t i a l  E 

magnetic storms. 
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I. Introduction 

Observations of  e lectron i n t e n s i t i e s  near the  

geomagnetic equator i n  t h e  outer rad ia t ion  zone have been 

obtained with s a t e l l i t e  instrumentation over a broad range 

of e lectron energies extending from - 1 eV t o  - 10 MeV. 

The temporal var ia t ions  and r a d i a l  p r o f i l e s  of i n t e n s i t i e s  

of electrons at t h e  geomagnetic equator i n  the outer r ad ia t ion  

zone a re  dependent upon the  energy of t he  electrons under 

observation. For example, a comparison of observations of 

e lec t ron  Ee - 50 keV and Ee - 1 MeV i n t e n s i t i e s  i n  t h e  

outer  rad ia t ion  zone reveals  (1) t h e  radial dependence of 

e lec t ron  E - 50 keV i n t e n s i t i e s  i s  t y p i c a l l y  by a f ac to r  

of <, 10 over t h e  radial distance 3 t o  8 5 (RE = ea r th  rad ius)  

[ c f .  Frank, V a n  Allen,  Whelpley and Craven, 1963; Freeman, 

19641 whereas t h e  corresponding va r i a t ion  of e lec t ron  

Ee - 1 MeV i n t e n s i t i e s  i s  typ ica l ly  by a f ac to r  - Id - 10 

with a peak of i n t e n s i t i e s  a t  

onset of geomagnetic a c t i v i t y  the  e lec t ron  Ee - 50 keV 

i n t e n s i t i e s  a re  observed t o  increase by a f ac to r  -10  - 100 

coincident with a decrease of e lec t ron  E 

by a f ac to r  - 10 - 100 within the  temporal reso lu t ion  of t h e  

e 

4 

L - 4, and (2) during the  

- 1 MeV i n t e n s i t i e s  e 
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measurements 

and H i l l s ,  19641. 

study a re  observations of t h e  temporal va r i a t ions  of t h e  

energy f l u x  of e lec t rons  100 eV C Ee <, 40 keV during periods 

of geomagnetic a c t i v i t y  with instrumentation u t i l i z i n g  cadmium 

s u l f i d e  c r y s t a l s  flown on Explorer 12 aad comparison of these  

va r i a t ions  of energy f l u  with simultaneous observations of 

higher energy e lec t ron  (Ee - 50 keV and Ee - 1 MeV) i n t e n s i t i e s .  

These observations cont r ibu te  fu r the r  t o  t h e  growing body of 

information concerning ou te r  rad ia t ion  zone e l ec t rons  which 

should eventually de l inea te  the p r inc ipa l  source and l o s s  

mechanisms f o r  e lec t rons  i n  t h i s  region. 

(- 1 day) [ cf. Freeman, 1964; Frank, Van Allen 

Of s p e c i f i c  i n t e r e s t  i n  t h i s  present  

‘u 
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11. Instrumentation 

Explorer 12 was launched on 16 August 1961 i n t o  an 

o r b i t  with i n i t i a l  apogee 83,600 km and perigee 6,700 km 

geocentric r a d i a l  distances,  inc l ina t ion  33' and period 

26.5 hours. 

6 December 1961. 

spacecraft  o r b i t  was within - 5" of the  so l a r  d i r ec t ion  as 

viewed from the  center  of the  ear th;  hence t h e  ranges of 

l o c a l  times of t he  spacecraft  posi t ion i n  the  outer  rad ia t ion  

zone (L - 4) were approximately - 7:OO t o  1:OO and 14:OO t o  

8:oo for outbound and inbound passes, respect ively,  over 

t h e  per iod o f  da ta  reception. 

Transmission of data extended from launch t o  

A t  launch the l i n e  of apsides of the 

The University of Iowa complement of detectors  

included a shielded (- 1 gm ( 

a magnetic spectrometer u t i l i z i n g  th ree  thin-windowed 

(1.2 mica) Anton type 213 G.M. tubes,  and th ree  cadmium 

su l f ide  c r y s t a l s  for  measurements of t he  t o t a l  energy f l u  

of protons E 

of t h e  cha rac t e r i s t i c s  of these various detectors  i s  given 

i n  Table I. 

previously by Freeman [ 19643. 

Anton type 302 G.M. tube,  

> 1 keV and electrons Ee ,> 200 eV. A summary 
P "  

A more complete descr ipt ion has-been given 
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The response of each detector was accumulated for 

10.24 seconds by the  on-board experiment encoder and t h e  

contents of t h e  accumulators redundantly telemetered at 

t h e  end of each sampling in te rva l .  

were time-shared such t h a t  each detector  response was 

sampled once every 79 seconds. 

The encoder accumulators 

O f  p a r t i c u l a r  i n t e r e s t  i n  t h i s  present  study a r e  

t h e  responses of t h e  cadmium sul f ide  c r y s t a l s  i n  t h e  outer  

r ad ia t ion  zone. Per t inent  cha rac t e r i s t i c s  of these  t h r e e  

de tec tors  [Freeman, 1964 J a r e  

1) CDSTE (cadmium su l f ide  t o t a l  energy de tec to r )  i s  

an unshielded cadmium su l f ide  c r y s t a l  with a 

coll imated f i e l d  of view of lo-' s te rad ian  which 

has a response proportional t o  t h e  t o t a l  energy 

f l u x  of protons E The 

ef f ic iency  of t h i s  detector  f o r  p a r t i c l e s  of these 

energies i s  - 0.2 count-cm - s r ( e rg )  

with decreasing charged p a r t i c l e  energies  below 

E 

discussion t h e  maximum ef f ic iency  as quoted above 

w i l l  be assumed. The e f f ic iency  of CdS c r y s t a l s  

has been shown t o  be near ly  t h e  same f o r  e lec t rons ,  

protons,  alpha p a r t i c l e s  and x-rays [Freeman, 19611. 

2 1 keV and Ee 2 200 eV. 
P 

2 -1 and decreases 

,., 1 keV and Ee - 200 eV. Throughout t he  present 
P 



a 

The minimum detectable energy f l u x  f o r  CDSTE i s  

- 1 erg(cm 2 -see-sr)  -1 . 

2) CDSB (cadmium sul f ide  de tec tor  with broom magnet) 

i s  an unshielded cadmium s u l f i d e  c r y s t a l  i d e n t i c a l  

t o  CDSTE with the  exception of a "broom" magnet 

posi t ioned i n  the  coll imator t o  p roh ib i t  e lec t rons  

Ee <, 250 keV from reaching t h e  c rys t a l .  The 

e f f ic iency  of t h i s  c rys t a l  i s  within a f a c t o r  of 

approximately two tha t  of t h e  CDSTE discussed 

above. > 400 eV are ab le  t o  reach t h e  

c r y s t a l  and hence CDSB can be used t o  d is t inquish  

Protons E 
P "  

t h e  response of CDSTE as being a t t r i b u t a b l e  t o  

e lec t rons  Ee <, 250 keV and protons E 

e lec t rons  E > 250 keV and protons E 

CDSO (cadmium sul f ide  op t i ca l  monitor) i s  a cadmium 

< 400 eV o r  

> 400 eV. 
P "  

P "  e -  

3 )  

su l f ide  c r y s t a l  equipped with a coll imator i d e n t i c a l  

t o  CDSTE and CDSB but with a quartz window as 

shielding t o  monitor t he  background response of 

t h e  de tec tors  t o  l i g h t  and x-rays. 

A l l  un id i rec t iona l  detectors  were mounted on t h e  space- 

c ra f t  such t h a t  the  axes of t h e i r  f ie lds-of-view were perpendicular 

t o  t h e  spacecraft spin axis. 

was - 2 seconds and the  accumulation i n t e r v a l  w a s  10.24 seconds, 

Since t h e  spin per iod of Explorer 12  
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t h e  telemetered response of the  de tec tors  i s  e s s e n t i a l l y  a 

spin-average over severa l  spacecraft r o t a t i o n s  with t h e  

responses of all unid i rec t iona l  de tec tors  averaged over a 

common c i r c l e  of d i r ec t ions  on the c e l e s t i a l  sphere. The 

sp in  ax i s  of  Explorer 12 was directed toward r i g h t  ascension 

47" and dec l ina t ion  - 27.5" at  launch. 

zone the  de tec tors  were averaging predominantly over trapped 

p a r t i c l e  p i t c h  angles ( t h e  half-angle of t h e  dumping cone 

a t  L = 5 i s  - 5 " ) .  

In  t h e  ou te r  r ad ia t ion  
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111. Observations 

A summary of t h e  responses of CDSTE, CDSB and CDSO i s  

displayed i n  Figure 1 f o r  the  period 21 September through 

14  October 1961 f o r  L = 2.5, 3.0, 3.5,  and 4.0.  

r e so lu t ion  of t h e  measurements i s  determined by the  o r b i t a l  

per iod  (- 1 day); observations during several o r b i t s  during 

t h i s  per iod  are missing due t o  lack  of recept ion of t h e  

s a t e l l i t e  te lemetry s igna l .  For L = 3.0 and 3.5 t he  CDSTE 

response shows s t rong enhancements of energy flux on 

1 October 1961 which a re  unique with respec t  t o  t he  smoothly 

varying p r o f i l e s  before and a f t e r  t h i s  date .  On the  adjacent 

L-shel ls ,  L = 2.5  and 4.0,  on ly  a r e l a t i v e l y  small increase 

occurs during the  per iod 1-2 October 1961. 

response of t h e  op t i ca l  monitor, CDSO, revea ls  t h a t  i t s  

response remained a t  background levels throughout t h e  period, 

t hus  el iminat ing l i g h t  and x-rays as predominant contr ibutors  

t o  the  CDSTE response. The dark-current responses (counting 

r a t e  near apogee, no l i g h t  contamination) of CDSTE, CDSB and 

CDSO are 1.9,  1.1 and 0.2 counts (see)-', respec t ive ly ,  for 

t h i s  per iod  of observations.  Further ,  at L = 3.0, t h e  increase 

of  t h e  response of CDSTE on 1 October w a s  by a f ac to r  of - 5 

over t h e  response during the preceding o r b i t  on 30 September 

The temporal 

Inspection of t h e  
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whereas the  increase of t h e  response of CDSB (with broom 

magnet) was <, 50% for t he  same o r b i t s .  

evidences show t h a t  t he  response of CDSTE on 1 October i s  

predominantly a t t r i bu tab le  t o  electrons E < 250 keV or 

protons E < 400 eV. The corresponding peak energy f luxes ,  

spin-averaged by t h e  ro t a t ion  of t h e  spacecraf t  and assuming 

maximum e f f ic iency  of t he  detector ( i . e . ,  a lower l i m i t  t o  

t h e  energy f lux) ,  observed on 1 October 1961 are  - 125 

These observational 

e -  

P "  

ergs(cm 2 -see-sr)  -1 and 100 ergs(cm 2 -see-sr)  -1 at L = 3.0 

and 3.5, respect ively.  Also shown i n  Figure 1 ( top)  i s  t h e  

d a i l y  var ia t ion  i n  mean horizontal  i n t e n s i t y  at Guam. The 

enhancement of energy f l u x  observed by CDSTE i s  coincident 

with the  main phase of a l a r g e  magnetic s torm on 1 October 

1961. A fur ther  s imilar  observation of severe enhancement 

of energy f luxes during the  main phase of a geomagnetic 

storm i s  displayed i n  Figure 2 for t h e  period 21 October 

through 13 November 1961. On 29 October, an energy f l u x  

of - 200 ergs(cm -see-sr)  m 

coincident with a l a rge  decrease i n  the hor izonta l  i n t e n s i t y  

of t h e  e a r t h ' s  magnetic f i e l d  observed at the  surface of the  

ea r th  near t he  magnetic equator. A similar event,  although 

clouded by loss  of telemetry,  occurs during 7-8 November. 

2 -1 
( A  = - 21") was observed 



1 2  

Returning t o  Figure 1, t h e  l a r g e  range of magnetic l a t i t u d e s  

(20" <, Am < cv 45") of t h e  observations necess i t a t e s  a n  

inves t iga t ion  of t he  l a t i t u d e  dependence of t h e  responses 

of these de tec tors  i n  order t o  ascer ta in  that  the  enhancement 

of energy f luxes  on 1 October 1961 i s  not a manifestat ion 

of d i f f e r ing  magnetic l a t i t u d e s  of t h e  observations.  

Figure 3 all CDSTE responses shown i n  Figure 1 f o r  L = 3.5 

a r e  displayed as a funct ion of the  magnetic l a t i t u d e  of the 

I n  

observation. 

1 October, 21-30 September, and 2-14 October 1961 t h e  CDSTE 

For the  periods preceding and following 

responses a re  smoothly increasing with decreasing geomagnetic 

l a t i t u d e  and ind ica t e  that  the  energy f luxes  during the  

recovery phasearehigher  by a f ac to r  of - 2 compared with 

pre-storm f luxes  over t he  l a t i t u d e  range 25" - 45". The 

va r i a t ions  of i n t e n s i t i e s  shown i n  Figure 1, excluding 

1 October, can ?Ye accounted f o r  by the  l a t i t u d e  dependence 

of t h e  observations f o r  these  two periods.  Further reference 

t o  Figure 3 c l e a r l y  shows that t h e  enhancement of energy 

f lux  on 1 October i s  not a manifestation of t h e  l a t i t u d e  

dependence of t h e  observations but  i s  indeed a l a r g e  temporal 

v a r i a t i o n  of t he  e lec t ron  energy f luxes .  The same analysis  

appl ies  t o  the  da t a  f o r  L = 3.0. Simultaneous measurements 

obtained with t h e  G.M. tubes are displayed i n  Figure 4 f o r  



13 

L = 3.5. 

of - 2 at  t he  onset of t he  geomagnetic storm coincident with 

t h e  increase of low-energy e lec t ron  energy f luxes observed 

by CDSTE. These r ap id  decreases of 302 G.M. response 

(predominantly a t t r i b u t a b l e  t o  temporal va r i a t ions  of t h e  

e lec t ron  Ee >, 1.6 MeV i n t e n s i t i e s  i n  t h e  outer r ad ia t ion  

zone) coincident with the  onset of geomagnetic a c t i v i t y  have 

been reported previously [ c f .  Freeman, 1964; Frank, Van U l e n  

and H i l l s ,  19641. The responses of the  magnetic spectrometer 

G.M. tubes,  SpL and SpH, (40 keV - < Ee - < 50 keV and 80 keV 

- < Ee - < 100 keV, respec t ive ly)  have a l so  been included i n  

Figure 4. The responses of these de tec tors  show a sharp 

peak on 1 October. Unfortunately the  background G.M. tube 

The 302 G.M. tube response decreases by a f a c t o r  

i n  the  spectrometer f a i l e d  previous t o  t h e  period of present  

i n t e r e s t  but i t s  response usual ly  decreases coincident with 

t h e  decrease i n  the  302 G.M. tube response at the  onset of  

geomagnetic a c t i v i t y  [Freeman, 19643. 

on the  i n t e n s i t i e s  of e lectrons 40 keV < E 

80 keV < E 

( cm2- sec)  -l, respect ively.  Omnidirectional i n t e n s i t i e s  J are  

obtained from t h e  observed spin-averaged unid i rec t iona l  

i n t e n s i t i e s  7 by the  re la t ionship  Jo - - 10 7 and a r e  accurate  t o  

within a f ac to r  of 2 f o r  a large range of p i t ch  angle 

Sol id  upper limits 

< 50 keV and e -  - 
< 100 keV are 2 X lo7 (cm2-sec)-l and1 .5  x 107 e -  - 

0 
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n d i s t r ibu t ions  ( s i n  a) with a rb i t r a ry  d i r ec t ion  of t h e  sp in  

ax i s  of t h e  spacecraf t  with respect t o  t h e  d i r ec t ion  of t he  

l o c a l  magnetic f i e l d  vector  (See Frank, Van Allen and H i l l s  

[1964 f o r  a similar ana lys i s ) .  Similar ly  t h e  spin-averaged 

unid i rec t iona l  energy f luxes  corresponding t o  t h e  CDSTE 

r e s p o n s e a r e  mul t ip l ied  by a fac tor  of 10 t o  ob ta in  

omnidirectional energy f luxes .  Hence an upper l i m i t  of t he  

energy f lux  of e lec t rons  40 keV < Ee < 100 keV i s  - 10 

ergs(cm -sec) 

observation of -1000 ergs(cm -see) 

o r  protons,  Ep < 400 eV. 

SpL and SpH responses during the per iods 21-30 September and 

2-14 October of Figure 4 are manifestations of a l a t i t u d e  

- - 
2 -1 compared with the simultaneous CDSTE 

2 -1 , e lec t rons  E < 250 keV e -  

The r e l a t i v e l y  slow var i a t ions  i n  
e 

dependence of  t h e  responses of these  de tec tors  as shown by 

a s imi la r  analyses as t h a t  given f o r  CDSTE i n  Figure 3. 

Further  r e s t r i c t i o n s  on t h e  energy range of t h e  e lec t rons  

contr ibut ing predominantly t o  the enhanced CDSTE response 

on 1 October are provided by t h e  responses of t h e  302 G.M. 

tube on 30 November and 1 October shown i n  Figure 5. The 

responses of both t h e  CDSTE and t h e  302 G.M.  tube are dis- 

played as a funct ion of L f o r  the  outbound pass  preceding 

t h e  storm (30 September) and the f i r s t  outbound pass  following 

t h e  onset of the  storm (1 October). The CDSTE response on 



1 October i s  subs t an t i a l ly  greater  than pre-storm values  

from L = 2.8  t o  4.0 and i s  peaked a t  L - 3.0  whereas the  

302 G.M. response has ca tas t rophica l ly  decreased beyond 

L - - 4 when compared t o  pre-storm values  and shares a 

similar L-shell  p r o f i l e  with CDSTE on 1 October. Assuming 

t h a t  t h e  energy flux observed by CDSTE a t  L = 3.0, - 1000 
ergs(cm -sec) , i s  due t o  monoenergetic e lec t rons  of 

energy E , t h e  responses of the  302 G.M. tube t o  non- 

pene t ra t ing  e lec t rons  (E < 1 .6  MeV) of these i n t e n s i t i e s  

v i a  t he  bremsstrahlung process have been ca lcu la ted  using 

t h e  e f f i c i ency  curve 

tube given by Frank [1962] and are given i n  Table 11. 

Comparison of t he  r e s u l t s  of Table I1 with t h e  observed 

3 302 G.M. tube response of - 1 0  

el iminates  e lec t ron  Ee 2 80 keV energy f luxes  as predominant 

contr ibut ions t o  t h e  CDSTE response. Hence the  SpL, SpH and 

302 G.M. tube responses r e s t r i c t  t he  energy range of e l ec t rons  

observed by CDSTE t o  E < 40 keV. On t h e  other  hand, i f  t h e  

e l ec t ron  spectrum observed with SpL and SpH (neglect ing back- 

ground cor rec t ions)  i s  extrapolated t o  - 300 keV, t h e  response 

of t h e  302 G.M. tube on 1 October can be a t t r i b u t e d  t o  

bremsstrahlung from e lec t rons  50 keV <, Ee <, 300 keV. 

summary the  enhanced energy f luxes observed at  t he  onset  of  

- 

2 -1 

e 

e -  

f o r  a s imi la r ly  shielded 302 G.M. 

counts (sec)-' at L = 3.0 

e -  

I n  



. 
16 

<le c tr on 
3nergy E, (keV2 

15  

20 

30 

40 

50 

80 

12 5 

300 

Table I1 

302 G.M. Tube Response Corresponding To 
Monoenergetic Electrons With 

Energy Flux 1000 Ergs(Cm2-Sec)'l 

J, " 
2 -1 (cm -see) 

4 x 1o1O 

3 x 1o1O 

2 x 1o1O 

1 . 5  x io 

1o1O 

10 

,-. 

302 Efficiency, E 

Count-cm 2 (electron) -1 

2.5 X 

2.5 X lo-'' 

7 x 

1f8 

4.5 x 

5 x lo-'( 
I 

2 x 

5 x 

302 Counting Rate, 
R, counts ( s e c )  -1 

0.1 

0.8 

13 

150 

550 
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geomagnetic storms with the  CDSTE from L - 2.8 t o  - 4.0 

must be a t t r i b u t e d  t o  e lec t rons  E 

E 

of companion de tec tors  as noted above. 

- - 

< 40 keV o r  protons e -  

<, 400 eV as del ineated by t h e  simultaneous responses 
P 
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Further evidence toward the i d e n t i f i c a t i o n  of t h e  p a r t i c l e s  

predominantly contr ibut ing t o  the  response of CDSTE on 1 October 

may be obtained by evaluat ing the energy d e n s i t i e s  of monoenergetic 

e lec t rons  and protons,  separately,  corresponding t o  the  observed 

energy flux of - 1009 ergs(cm - s e e )  

and IV (e lec t rons)  a re  given the  ve loc i ty  

and omnidirectional i n t e n s i t y  J f o r  protons and e lec t rons  of 

se lec ted  energies E .  The magnetic l a t i t u d e  of t h e  observation 

on 1 October was 33O at  L = 3.5;  t h e  corresponding magnetic 

f i e l d  energy densi ty ,  B /8n, i s  2.1 X erg(cm)-j .  A l so  

given i n  Tables I11 and N are the  r a t i o s ,  f3, of t h e  charged 

p a r t i c l e  energy densi ty  t o  t h e  magnetic f i e l d  energy densi ty  

where 

2 -1 . I n  Tables I11 (protons) 

v,  energy dens i ty  E 

0 

2 

i s  evaluated a t  L = 3.5,  hm = 33".  



Table I11 

Omnidirectional 
Intensity Jo 

(em 2 -sec)-l 

Intensities And Energy Densities Of Monoenergetic Protons 
Corresponding To An Energy Flux 

Of ldd0 Ergs(Cm2-Sec)-l 

- 
p = -  E 

B: ~=3.5, hrn=33" 
6) Proton 

Energy Ep(keV) 

Proton 
Velocity Energy Density E 
cm( sec) ergs ( cm) -1 -3 

I 0.1- 

l 2  

1.4 x 107 7.2 x 10-5 6 x io12 

3 x 1Ol2 
12 1.2 x 10 

6 x io11 

3 x 

~~ 

3.4 

2.4 

1 . 5  

1.1 

0.76 

0.2 

0.5  

0.48 11 1.2 x 10 

2.0 x 10 7 

3.1 x 107 

5.1 x 

3.2 x 10-5 

5 
10 

20 

50 

100 

200 

5 00 

9.8 x i o  7 10-5 

1.4 X lo8 7.2 x 10-6 

2.3 x 10 5.1 X 

3.1 X 10 3.2 X 

4.4 x lo8 2.3 X 

6.2 x io 1.6 X lom6 

9.8 x i o  

6 x io1' 

3 x 1o1O 

~ 

0.34 

0.24 

1.2 x 1O1O 0.15 

6 x ioy 

3 x 109 

1.2 x 10 9 

0.11 

0.08 

0.05 
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Electron 
Energy Density E 

-3 ergs (cm) 

Table IV 

Omnidirectional 
Intensity Jo 

( q2 - s e c -1 
Electron 

hergy E, (keV) 

0.1 

0.2 

0.5 

1 

10 

20 

50 

Intensities And Energy Densities 
Of Monoenergetic Electrons Corres onding 
To An Energy F l ~ u c  Of 1000 Ergs(Cm 3 -Sec)-l 

1 

, Velocity 

8 
8 

5.9 x 10 
8.4 x io 
1.3 x 109 

1.9 x 109 
9 2.7 x io 

4.2 x 109 

5.9 x 109 
8.2 X 10' 
1.2 x 1o1O 

1.7 X 

1.2 x 
7.9 x 10-7 

2.4 x lo-'' 

1.7 x 10-7 
I 

1.2 x lo-'[ 
8.1 X 

6 x io12 
3 x 10l2 
1.2 x 10l2 

6 x ioll 
3 x loll 
1.2 x loll 

3 x 1o1O 
1.2 x 1o1O 

6 x l o l o  

B: L=3.5, &=33' 

8.1 x 
5.7 x 

r 

3.8 x io-' 

2.5 X 

1.8 x lo-* 

1.1 x lo-2 

8.1 x 10-3 
7 

5.7 x lo-' 
3.9 x 10-3 
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It i s  general ly  believed t h a t  

magnetosphere [ c f  Dessler and Vestine, 1960; Van Allen,  19661. 

Application of t h i s  r e s t r i c t i o n  t o  the  values of f3 f o r  

protons given i n  Table I11 eliminates protons E <, 50 keV as 
P 

predominant contr ibutors  t o  the CDSTE response at L = 3.5 on 

1 October. Reference t o  Table IV shows t h a t  e lec t rons  

E > 100 eV survive t h i s  r e s t r i c t i o n .  Hence the  l a rge  

enhancement of energy f lux observedwith t h e  CDSTE on 

1 October 1961 can be a t t r i bu ted  t o  e lec t rons  100 eV < Ee < 40 keV. 

B <, 0.1 f o r  t h e  e a r t h ' s  

e -  

cv Iu 
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IV. Summary and Conclusions 

Large increases  of low-energy e lec t ron  100 eV 5 E 

energy f luxes  coincident with the onset of two l a r g e  geomagnetic 

storms during October 1961 over t h e  L-shell  range of 2.8 < L < 4.0 

as observed with Explorer 12 have been presented. The observed 

2 -1 elec t ron  energy f luxes at L = 3.5 were - 100 ergs(cm -see-sr)  

< 40 keV e -  

N N  

2 -I (Am = - 33') on 1 October 1961 and - 200 ergs(cm -see-sr)  

(X, = 21') on 29 October 1961. 

enhancements i s  approximately 1 day. A de t a i l ed  ana lys i s  of 

t h e  1 October event provides the following conclusions: 

The time durat ion of these  

1) t he  peak i n  t h e  energy f l u x  p r o f i l e  as a funct ion 

of L occurs a t  L -+ 3.0, 

t h e  maximum observed energy f lux  of e lec t rons  

100 eV < N Ee < N 40 keV i s  - 1000 ergs(cm2-sec) 

(accurate  t o  wi th in  a f ac to r  of 2 ) ,  

t h e  302 G.M. tube response (pr imari ly  due t o  

penetrat ing electrons E e -  

decreases a t  L - 4.5 by a f a c t o r  - lo2 coincident 

with t h e  enhancement of low-energy electrons 

100 eV < E 

- 
2) 

-1 

3 )  

> 1.6 MeV) ca tas t rophica l ly  

< 40 keV at L N 2.8 t o  4.0, - 
N e -  



4) strong support of an increase of e lectron 

40 keV < Ee < 50 keV and 80 keV < Ee < 100 keV 

i n t e n s i t i e s  by a factor  of - 5 a t  L = 3.5 on 

- - - - 

1 October coincident with the  enhancement of 

low-ener&y e lec t ron  f luxes i s  given by the  

responses of the  magnetic spectrometer G.M. 

tubes,  SpL and SpH, and 

5 )  t he  charged p a r t i c l e  t o t a l  energy f luxes,  as 

measured with the  CDSTE a t  L = 3.5, were a f ac to r  

of - 2 l a rge r  f o r  the per iod 2-14 October a f t e r  

t h e  main phase o f  the storm when compared t o  t he  

pre-storm measurements of 21-30 September over 

t h e  geomagnetic l a t i t u d e  range 25" - < Am 5 45". 

No mechanism f o r  providing these  l a rge  energy f luxes of 

e lec t rons  100 eV < Ee < 40 keV i s  proposed here due t o  lack  of 

energy spectra ,  angular d is t r ibu t ions ,  and s e n s i t i v i t y  f o r  

de f in i t i ve  measurements a t  higher L-values, i. e . ,  L > 4. 

i s  c l ea r  t h a t  a slow diffusion across L-shells as suggested 

f o r  * 1 MeV electrons [ cf. Frank, 19651 i s  inadequate, without 

fundamental modification, t o  account f o r  t h e  rap id  enhancement 

(within 1 day or l e s s  of t h e  onset of t h e  geomagnetic storm) 

deep i n  t h e  ea r th ' s  magnetosphere a t  L ,,, 3.0 s ince t h e  increase 

- - 

It 
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of e lec t ron  E - 1 MeV i n t e n s i t i e s  a t  L - 3.5 i s  observed 

t o  occur a f t e r  a period - 1 week following t h e  onset of a 

magnetic storm. The observational evidence s t rongly 

suggests an accelerat ion mechanism f o r  e lec t rons  E 

1 - 100 keV which i s  ac t ive  deep i n  the  e a r t h ' s  magnetosphere, 

- e 

- 
e 

L > 2.8. 
cv 

It i s  of i n t e r e s t  t o  estimate t h e  per turbat ion i n  the  

hor izonta l  component of t he  ea r th ' s  magnetic f i e l d  as seen 

by a magnetic observatory a t  the surface of t he  ea r th  near 

t h e  magnetic equator which i s  produced by t h e  enhanced 

e lec t ron  energy fluxes as reported here  during t h e  main 

phase of a geomagnetic storm. An estimate of t h e  decrease 

i n  themagnetic f i e l d  in t ens i ty ,  aB, a t  the  magnetic equator 

on the  e a r t h ' s  surface due t o  these low-energy e lec t rons  

i s  given by AB = k (W /W ) Bo h e r e  AB i s  i n  u n i t s  of gauss 

i f  Bo = 0.31, W e 

i n  the geomagnetic f i e l d ,  W 

f i e l d  (8.4 X loe4 ergs)  and k i s  a dimensionless f a c t o r  of t h e  

order  of un i ty  [ cf Parker,  19651. 

low-energy electrons reported here i s  estimated by assuming 

an energy f l u x  of 1000 ergs(cm2-sec)-' over a volume contained 

by t h e  surfaces L = 2.8 and 4.0 between geomagnetic l a t i t u d e s  

Am = + 35" and - 35" (2 X 10 28 cm 3 ); t h e  r e s u l t i n g  est imate  i s  

e B  

i s  the  t o t a l  energy i n  ergs  of these  e lec t rons  

i s  t h e  t o t a l  energy of t h e  geomagnetic B 

The t o t a l  energy We of t h e  



Table V 

Tota l  Electron 
Energy W e ,  e rgs  

3.4 x 

2.4 x 
1.6 x io 

22 

Estimates O f  The Magnetic F i e l d  Per turba t ion ,  AB, 
Seen A t  The Eas th ' s  Surface For An Electron Energy Flux 

1000 Ergs (Cm2-Sec)-' Dis t r ibu ted  Over 
L = 2.8 t o  4.0, A. = - 3 5 O  t o  +35" m 

AB, gammas 

120* 

88* 
58 

Electron 
Energy&, keV 

0.1 

0.2 

0.5 

10 

20 

50 

22 1.1 x 10 
7.6 x io21 
4.8 x 1O2l 

39 
28 
18 

3.4 x 1O2l 
2.4 x lo" 

1.6 X 1O2l 

12 

9 
6 

'AB > 0.3 a t  L = 3.5, B/B = 1 i n  t h i s  approximation. 
0 
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judged t o  be accurate t o  within a f ac to r  of 3 f o r  t h e  

1 October 1961 observations. 

t he  estimates of AB f o r  monoenergetic e lectrons with energy 

I n  Table V a r e  summarized 

2 -1 
E corresponding t o  an energy f lux  of 1000 ergs (cm -sec) 

throughout t he  above volume. For e lec t ron  energies E = 0.2,  

1 and 5 keV, the  decrease i n  f i e l d  in t ens i ty ,  AB, i s  90, 40 

and 20 y ,  respect ively.  

were - - 150 y (1 7 = gauss). Hence, although t h e  present 

experiment i s  unable t o  provide the  energy spec t ra  of e lec t rons  

100 eV < E  

of t h e  observed e lec t ron  energy f luxes ,  t he  co r re l a t ion  of t he  

l a r g e  enhancements of these electron energy f luxes  with the  

main phases of two magnetic s torms  ( see  Figures 1 and 2)  and 

t h e  r ap id  decay (5  24 hours) of both phenomena s t rongly  suggest 

' RE tha t  these  electrons form a r ing current  centered a t  - 
vfhich i s  responsible for a subs tan t ia l  f r a c t i o n  of the  main 

phase and the  rapid-decay component (designated as the  D R 1  

component by Akasofu, Chapman and Venkatesan [ 19631) of magnetic 

storms. 

t h e  proton E 

a t  L - 3 during the  main phases of these  two magnetic storms, 

an upper l i m i t  which i s  not low enough t o  e l iminate  a low-energy 

proton r i n g  current of s i m i l a r  o r  g rea te r  magnitude when compared 

with the  above low-energy electron r i n g  current .  

e 

e 

The Dst (H)  values for 1 October 

< 40 keV, the  above estimates of t he  t o t a l  energy - e -  

It i s  fu r the r  noted here t h a t  t he  CDSB upper l i m i t  on 
2 -1 > 400 keV energy f luxes  i s  - 100 ergs(cm -see) 

P "  
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Figure Captions 

Figure 1. The responses of CDSTE, CDSB and CDSO f o r  t h e  

per iod  2 1  September through 14 October 1961 f o r  

L = 2.5 ,  3.0,  3.5, and 4.0. 

magnetic l a t i t u d e  IX,l i s  20" t o  45". The d a i l y  

mean va r i a t ion  of t h e  horizontal  i n t e n s i t y  measured 

a t  Guam i s  included f o r  comparison. 

The range i n  geo- 

Figure 2 .  A continuation of Figure 1 f o r  L = 3.5 and t h e  

per iod 2 1  October through 13 November. 

Figure 3. Lat i tude dependence of CDSTE responses fo r  L = 3.5 

of Figure 1 separated in to  the  periods of pre-storm, 

f i r s t  day o f  storm (1 October), 

data .  

and post-1 October 

Figure 4.  Responses of the spectrometer channels SpL and 

SpH and the  302 G.M. tube a t  L = 3.5 compared with 

t h e  responses o f  CDSTE f o r  t h e  per iod 21  September 

through 14 October 1961 ( r e f e r  t o  Figure 1). 

Figure 5 .  Comparison of t h e  p r o f i l e s  of 302 G.M. tube and 

the  CDSTE responses as  a funct ion of L f o r  two 

similar outbound passes of  Explorer 12  on 30 September 

and 1 October 1961. 

passes have been included f o r  several  values of L .  

Geomagnetic l a t i t u d e s  f o r  t hese  
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13 ABSTRACT 

Large increases  of e lec t ron  100 eV < E < 40 keV energy f luxes  over - e -  L - 2 .8  t o  L - 4.0 were observed a t  t h e  onset of magnetic storms on l October 
an3  29 October 1961 with instrumentation on Explorer 12.  The omnidirectional 
energy f luxes  a t  L = 3.5 were - 1000 ergs(cm2-sec)-' f o r  t hese  two events, 
t h e  durat ion of these  events was approximately one day and t h e  peak energy 
f lux  was posi t ioned at  L - 3.0.  The la rge  enhancement of e lec t ron  
100 eV < E - e -  decreases of e lec t ron  E 
e l ec t ron  40 keV < E 
Although no spectra? ynformation concerning the  e l ec t ron  100 eV <, E 
f luxes  i s  ava i lab le ,  es t imates  of t h e  decrease of t he  magnetic f i e12  gn t h e  
sur face  of t h e  ea r th  at t h e  magnetic equator f o r  monoenergetic e lec t ron  
i n t e n s i t i e s  corresponding t o  the  observed energy f luxes  are - 120 y f o r  
Ee = 100 eV,  - 60 y f o r  Ee = 500 eV and - 30 7 f o r  Ee = 2 keV during t h e  
main phase of t he  magnetic storm. The observations reported here  s t rongly 
suggest t h a t  these  e lec t rons  form a r ing current  centered a t  - 3 which 
i s  responsible  f o r  a subs t an t i a l  f r ac t ion  of t he  main phase and t h e  rapid-  
decay component DR1 of magnetic storms. 

< 40 keV energy fluxes on 1 October i s  coincident with l a rge  
>, 1 . 6  MeV.intensit ies and with increases  of 

< 700 keV i n t e n s i t i e s  i n  t h e  outer  r ad ia t ion  zone. 
< 40 keV 
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